Diffraction of a Gaussian beam with a system of successively located optical wedges is considered. It is shown that the system is able to form higher-order optical vortices. © 2005 Optical Society of America OCIS codes: 140.3300, 260.1960, 050.1960 There is a well-known property of spiral phase plates 1,2 (SPPs) that they can turn a topologically neutral laser beam into one bearing a phase singularity, i.e., an optical vortex 3 in which light intensity vanishes at the center, whereas the phase is uncertain. While the basic trait of the holographic technique 4 is that it scatters the initial beam about several diffractive orders, the SPP is able to produce a vortex-bearing beam with a desirable value of the topological charge in the zero diffractive order. However, a SPP has to be manufactured with high mechanical accuracy, since any deviation of the mask thickness from a value divisible by the wavelength evokes a vortex with a fractional topological charge. 5, 6 As a single beam bearing such a vortex propagates far from the mask, it breaks into the superposition of elementary beams with integer values of the vortex topological charge. As a result, the single beam experiences strong structural distortion. At the same time, when the SPP topology varies discretely, rather than continuously (a so-called phase staircase mask 7, 8 ), the resulting single beam scattered by the mask can be also suitable for different practical applications. 9 We have already pointed out the possibility of generating vortex-bearing beams with high energy efficiency 10 by passing the fundamental Gaussian beam through the edge formed by the rim of the dielectric wedge so that one half of the beam propagates through the wedge while the other spreads through free space. The major feature of this technique is that the vortex itself chooses the position inside the beam cross section that develops. The vortex position at the wedge is restricted by only one condition: the contour over the mask surface inside the beam must give 2 excess phase. Thus the slight deformations of the phase mask do not deform the vortex structure but displace the vortex as a whole. This circumstance essentially enables us to simplify tuning of the experimental setup. At the same time, the technique does not permit one to produce optical vortices with a topological charge greater than unity. In this Letter we show that a stack of dielectric wedges is able to generate the single beams bearing higherorder optical vortices.
There is a well-known property of spiral phase plates 1, 2 (SPPs) that they can turn a topologically neutral laser beam into one bearing a phase singularity, i.e., an optical vortex 3 in which light intensity vanishes at the center, whereas the phase is uncertain. While the basic trait of the holographic technique 4 is that it scatters the initial beam about several diffractive orders, the SPP is able to produce a vortex-bearing beam with a desirable value of the topological charge in the zero diffractive order. However, a SPP has to be manufactured with high mechanical accuracy, since any deviation of the mask thickness from a value divisible by the wavelength evokes a vortex with a fractional topological charge. 5, 6 As a single beam bearing such a vortex propagates far from the mask, it breaks into the superposition of elementary beams with integer values of the vortex topological charge. As a result, the single beam experiences strong structural distortion. At the same time, when the SPP topology varies discretely, rather than continuously (a so-called phase staircase mask 7, 8 ), the resulting single beam scattered by the mask can be also suitable for different practical applications. 9 We have already pointed out the possibility of generating vortex-bearing beams with high energy efficiency 10 by passing the fundamental Gaussian beam through the edge formed by the rim of the dielectric wedge so that one half of the beam propagates through the wedge while the other spreads through free space. The major feature of this technique is that the vortex itself chooses the position inside the beam cross section that develops. The vortex position at the wedge is restricted by only one condition: the contour over the mask surface inside the beam must give 2 excess phase. Thus the slight deformations of the phase mask do not deform the vortex structure but displace the vortex as a whole. This circumstance essentially enables us to simplify tuning of the experimental setup. At the same time, the technique does not permit one to produce optical vortices with a topological charge greater than unity. In this Letter we show that a stack of dielectric wedges is able to generate the single beams bearing higherorder optical vortices.
Let us consider first the theoretical aspect of this problem. The profile of the phase mask corresponding to the stack of wedges (SW) at the plane z = 0 can be written as
where m is the number of the wedge, m =0,1…l , with m = 0 corresponding to free space; l is the total number of the wedges in the stack; x m = x cos͑␤ m ͒ + y sin͑␤ m ͒; ␤ m = ͑m −1͒ / l stands for the rotation angle of the mth wedge relative to the x axis,
⌰ m is the phase difference between the mth wedge and free space; and n w is the refractive index of the wedge.
To form a vortex at the x = 0 point it is necessary that the following expressions be fulfilled:
By using the diffraction Kirchhoff integral we find the wave function of the single beam for z Ͼ 0 in the form
where We assume that beam waist at the first wedge is equal to = 2 tan ␣ k͑n w − 1͒ ͑3͒
and restrict ourselves the paraxial approximation expanding the exact solution to the first order near r = 0. In addition, the wedges are directed at angle ␤ m = ͑m −1͒ / l (see Fig. 1 for l = 2), relative to one another, l stands for the number of wedges, a = ͑n w −1͒tan ␣, b =1, z 0 = k 2 / 2, and r 2 = x 2 + y 2 . Thus, expression (2) describes the wave field in the vicinity of r = 0. This expression represents a single beam bearing an optical vortex with topological charge l. Figure 2 illustrates the intensity and phase distribution of the beam obtained by means of the Kirchhoff integral without any additional approximation. The phase structure of the vortex (Fig. 2b) is slightly deformed owing to the vortex distortion at the wedge. Any deviations from the condition ␤ m = ͑m −1͒ / l cause a strong vortex deformation so that the vortex is destroyed provided that ␤ = 0. In the general case, the single beam diffracted by the SW mask carries over vortex chains located along the rims of the wedges. Each vortex in the chain is singly charged. However, the vortex located at the crossing of chains has a topological charge equal to the number of wedges. To select the higher-order optical vortex and suppress the rest of the lateral vortices it is necessary to choose the beam waist at the plane of the first wedge in accordance with Eq. (3). This means that the detour portion of the beam axis along the circumference with radius r = gains an phase excess of ⌬ =2m.
The next step in our investigation is to generate experimentally higher-order optical vortices nested in a single beam. As a sample of the single wedge we used the cover glass for a microscope. Each cover glass has a slight slope along one pair of rims with angle ␣ = 0.098 rad while the other (perpendicular to the former) pair of rims are nearly parallel. The bases of the two wedges are parallel to each other, but their lateral vergers make angle ␤. The light from a He-Ne laser ͑ = 0.6328 m͒ transmits along the z axis (see, e.g., Fig. 1 To produce single beams with the higher-order vortices we used the same method to build up the SW. Two typical examples of such vortices with topological charges l = 3 and l = 4 are demonstrated in Figs. 3c-3f. The optimal state of the vortex core corresponds to angles ␤ = / 3 and ␤ = / 4. Also noteworthy is the experimental finding that the wedge-generated single beams bearing higher-order vortices do not change their topological structure after they are focused with a lens, unlike those produced by computer-generated holograms. 3 In conclusion, it has been found that a stack of wedges enables us to generate single beams with higher-order vortices. The topological charge of the vortex is equal to the number of wedges in the stack. In contrast to a slightly deformed SPP, a SW does not produce vortices with a fractional topological charge, so the experimental data are very repeatable. Manufacture of a SW does not require high mechanical accuracy. The vortex at the first wedge arises automati- cally. Gneral tuning of the SW is performed by smoothly adjusting the rest of the wedges. We found experimentally that vortex generation did not depend on the distance d between neighboring wedges, provided that d was less than 1 mm.
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